Abstract: The expression of nitrite reductase has been tested in a wild-type strain of Pseudomonas aeruginosa (Paol) as a function of nitrate concentration under anaerobic and aerobic conditions. Very low levels of basal expression are shown under non-denitrifying conditions (i.e. absence of nitrate, in both aerobic and anaerobic conditions); anaerobiosis is not required for high levels of enzyme production in the presence of nitrate. A Pseudomonas aeruginosa strain, mutated in the nitrite reductase gene, has been obtained by gene replacement. This mutant, the first of this species described up to now, is unable to grow under anaerobic conditions in the presence of nitrate. The anaerobic growth can be restored by complementation with the wild-type gene.
Introduction
Dissimilatory denitrification is the process which, starting from nitrate, leads, through several intermediates, to gaseous nitrogen. This relevant part of the nitrogen cycle is carried out by some facultative anaerobic bacteria, such as several Pseudomonas spp., as an alternative and very efficient way to produce ATP [1] . Because of the great impact of the denitrification process on our polluted biosphere (waste waters treatment, loss of fertilizers in soils, effect of nitrous oxide on the ozone layer etc.), a renewed interest is now focused on the organisms and enzymatic systems involved, with particular attention to the regulation and control mechanisms.
Nitrite reductase (NIR) is a key enzyme in the denitrification chain, catalysing the rapid reduction of nitrite, the toxic product of nitrate reductase activity, to NO. Purification and characterization of this enzyme from several bacterial 244 sources showed that there are two main classes of nitrite reductases, one containing type I copper centers and the other containing heme c and heme d 1 [2] . The enzyme from Pseudomonas aeruginosa belongs to the latter class [3, 4] , and is well characterized from the kinetic and structural points of view (for a review see [5] ).
We have already reported the sequence of the nir gene of P. aeruginosa [6] and its expression in a heterologous organism (P. putida) [7] . The recombinant protein (rNIR) contains only the heme c, since P. putida (a strictly aerobic organism) does not synthesize the d 1 heme, specific of dissimilatory denitrification; nevertheless rNIR maintains the overall folding of the native enzyme and can be easily reconstituted in vitro with heme d I to give a holoprotein undistinguishable from the enzyme expressed by P. aeruginosa [7] .
In order to obtain site-directed mutants in the heme d I domain, to clarify yet unknown structure-function relationships, a P. aeruginosa strain mutated in the nir gene seems essential. Several P. aeruginosa mutants, obtained by standard mutagenic procedures, have been described up to now [8, 9] . Some of them, affected at the level of NIR activity, are characterized by the absence of the spectroscopic signal typical of heme dl, however, it is not established if this is due to an altered primary structure of the enzyme, or to a mutation of the genes involved in heme d I synthesis and/or incorporation. One other mutant, unable to grow anaerobically on nitrate or arginine, shows effects on several genes involved in denitrification; it has recently been demonstrated [10, 11] that the wild-type phenotype can be restored by complementation with the anr gene, which codes for a transcriptional activator (ANR) involved in anaerobic growth control. Therefore, none of these mutants seems to be suitable for the expression of native and mutated NIR.
Thus, we decided to construct, by gene replacement [12] , a strain of P. aeruginosa specifically mutated in the nir gene. As a preliminary step, we first characterized the expression levels of NIR in the wild-type strain (Paol). The results, which will be discussed also in the light of the general problem of anaerobic regulation in denitrifying bacteria [13] , showed high levels of expression under aerobic conditions in the presence of nitrate. This finding allowed us to perform a complete characterization of the mutated strain using aerobically grown cells. The mutant obtained is unable to synthesize NIR under aerobic conditions on nitrate and thus unable to grow on the same medium under anaerobiosis; anaerobic growth is restored in this strain by complementation with a plasmid containing the intact nir gene. Expression of the gene from the multicopy plasmid is, however, somewhat toxic to cell growth.
Materials and Methods

Bacterial strains and growth
The host strain used for integrative transformation was P. aeruginosa Paol, a wild-type prototrophic strain upon which the Pseudomonas genetic map is based [14] . E. coli HB101 was the host strain for plasmid manipulations [15] . Cells were grown at 37°C on LB broth or LB plate with or without nitrate. Growth was monitored by determining the optical density at 600 nm during incubation. When appropriate, antibiotics were added at the following concentrations (Izg ml-1): ampicillin (Ap) 100, tetracycline (Tc) 20, kanamycin (Km) 50 for E. coli; and Tc 200, Km 400 and piperacillin (Pc) 150 for P. aeruginosa. Piperacillin was used for selection of the ampicillin resistance marker in P. aeruginosa. Cultures were grown in the presence of 5 mM m-toluate (m-Tol) when requested for induction of the Pm promoter. Aerobic growth was achieved in vigorously shaken conical flasks containing 1/10 volume of culture medium, in the presence or absence of nitrate. Anaerobic growth was performed in LB broth supplemented by 50 mM KNO 3 in an anaerobic jar using a gas generating kit (Oxoid). In each experiment, anaerobiosis was checked by inoculating Paol without adding nitrate: under these conditions P. aeruginosa fails to grow. Anaerobic Paol cultures without nitrate were obtained shifting a mid-log phase aerobic culture to anaerobiosis and maintaining the culture under this condition for 16 h.
Plasmids and recombinant DNA techniques
The construction of the plasmid pEMBL18-NR was already described [6] . This plasmid harbours nir [6] and cytochrome c551 [16, 17] genes from P. aeruginosa in a 3.5-kb EcoRI fragment, the restriction map of which is reported in Fig. 1A . Disruption of the nir gene was achieved by inserting the Tc R gene cassette into the unique BstEII site of pEMBL18-NR, by blunt end ligation, leading to plasmid pEMBL18-NR::Tc (Fig. 1B) . The Tc R gene was isolated from pBR322 as a 1427-bp EcoRI-AvaI fragment. The pEMBL18-NR::Tc 245 plasmid was used to construct a NIR mutant by gene replacement (see Results).
The plasmid pNM185 is a broad host range expression vector containing: (i) the positively activated Pm promoter of the TOL plasmid [18] upstream of the Sm a gene; (ii) the xylS gene, which codes for the positive regulator of Pm [19] ; and (iii) the Knl R gene as selectable marker [20] . Transcription from Pm promoter is activated by the xylS gene product in the presence of m-Tol [21] . The pNM185-NR plasmid was obtained as already described [7] by cloning the 3. Recombinant plasmids were controlled by restriction analysis and/or colony hybridization. Probes for hybridization were labelled by random priming with [a-14C]dATP [22] .
All recombinant DNA techniques were according to Maniatis et al. [23] . Transformation of P. aeruginosa was performed as described by Mercer and Loutit [24] .
Analysis of NIR expression
Cells to be analysed for expression of NIR were resuspended in 0.1 M Na phosphate buffer (4 ml (g wet weight)-l), sonicated and centrifuged to pellet cellular debris. The concentration of total proteins was determined on supernatants with the BCA protein assay reagent [25] . The presence of the enzyme was tested by immunoblot [26] with anti-NIR antibodies raised in rabbit [27] , using for staining horse radish peroxidase-conjugated goat anti-rabbit antibodies (Biomakor). The presence of heme in proteins after SDS-PAGE [28] was detected using the method of Thomas et al. [29] .
Purification of NIR from P. aeruginosa cells grown in the presence of nitrate under anaerobiosis or aerobiosis was carried out according to Parr et al. [30] .
Results and Discussion
Modulation of expression of the nir gene in vivo
In order to gain a detailed understanding of the conditions necessary for NIR expression in wild-type P. aeruginosa, the presence of NIR in cellular extracts of Paol grown under different conditions was determined by the immunoblot technique, which is highly specific and very sensitive. As shown in Fig. 2 (lane 3) , traces of NIR are present in ceils grown aerobically without nitrate, indicating a very low level of basal expression. The same result is obtained when aerobically grown cells without nitrate were maintained under anaerobic conditions (data not shown). The expression level increases significantly adding 50 mM KNO 3 to the aerobic medium (Fig. 2, lane  2) ; growth under anaerobic conditions leads to a further, but less extreme, increase in NIR concentration (Fig. 2, lane 1) .
We have also explored if there is a threshold value of nitrate concentration below which aerobic metabolism is favoured in the presence of oxygen, testing NIR levels in cells grown aerobi- cally in the presence of 50, 10, 5 and 1 mM KNO 3. In all samples NIR was found at essentially the same concentration (results not shown), indicating that even 1 mM nitrate is sufficient to switch on the synthesis of this enzyme in the presence of oxygen. To confirm the immunoblot data, a purification procedure according to Parr et al. [30] was carried out on cells grown under aerobic conditions on 50 mM KNO 3. The final product was native NIR, containing heme c and heme d~ in a stoichiometric ratio, as judged by optical spectroscopy (not shown). These results show that both oxygen and nitrate regulate NIR expression, since maximal levels of NIR are produced in the presence of nitrate under anaerobiosis. Anaerobiosis alone is not sufficient to increase the basal level of expression, as previously shown for P. stutzeri NIR by Korner and Zumft [31] . On the other hand, aerobic denitrification can occur, which is in full agreement with wide evidence collected either on other denitrifying bacteria [31] [32] [33] [34] or on P. aeruginosa itself [32, 35] , and on different enzymes of the denitrification pathway [31, 32] . Recently, in P. aeruginosa the nir promoter has been characterized as having a potential ANR binding sequence [36] and its activity, probed using a reported gene, was shown to increase dramatically in the presence of nitrate in anaerobiosis [37] . However, the same assay failed to detect aerobic expression of the reporter gene in the presence of 100 mM nitrate. In our opinion, this contrasting result can be explained by the fact that the product of the reporter gene chosen, catechol 2,3-dioxygenase, as most known dioxygenases, contains a ferrous ion as prosthetic group and is rapidly inactivated by air, probably by the production of a ferric ion at the active site [38, 39] . An additional source of uncertainty in this assay can be the number of the nir promoter copies inside the cell. Since ANR activity is partially inhibited by oxygen, cloning this promoter in a multicopy plasmid may cause a deficiency in the active ANR regulatory molecules under aerobic conditions. In summary, our results indicate that NIR expression is induced by nitrate and only partially repressed by the presence of oxygen. Therefore, aerobiosis on nitrate is an appropriate condition to test NIR production in nir-specific mutants, which fail to grow under anaerobic conditions in the presence of nitrate (see below).
Construction of a nir mutant of P. aeruginosa by gene replacement
The wild-type chromosomal copy of the nir gene of P. aeruginosa was replaced by a copy of the gene inactivated by Tc resistance gene insertion. For this purpose, the Tc resistance gene was cloned at the BstEII site of pEMBL18-NR as described in Materials and Methods. This restriction site is located 540 bp from the 5' end of the nir coding sequence (Fig. 1A) .
P. aeruginosa Paol, carrying the intact chromosomal copy of the nir gene, was transformed with the recombinant plasmid pEMBL18-NR::Tc. This plasmid, because of the ColEI replicon, cannot replicate in Pseudomonas spp. Therefore, stable Tc-resistant clones should be the result of plasmid integration by recombination events between the intact genomic and the inactivated plasmid-borne copy of the gene or its flanking regions. A second selection for the loss of the ampicillin resistance marker (ApR/pcR), located within the vector sequence, allows detection of double crossover events which result in the replacement of the mutated gene for the wild-type allele.
To select double crossover events, some Tc R transformants were grown in LB medium supplemented with Tc, plated on Tc and replicated on Pc plates. TcRpc s clones were selected and tested for their ability to grow under anaerobic conditions in the presence of KNO 3. Those which did not grow under this condition were considered to be mutants harbouring a disrupted copy of the nir gene.
To verify the specificity of gene replacement, we performed Southern blot analyses on chromosomal DNAs from Paol and from randomly chosen mutants, digested with ApaI. Based on the restriction map (Fig. 1A) trate under aerobiosis, as indicated from the immunoblot analysis shown in Fig. 2 (lane 4). The A23 mutant was then analysed for its capability to be complemented in trans by the wild-type nir gene, by transformation with pNM185-NR. A23(pNM185-NR) cultures were always performed in the presence of Km and m-Tol as an inducer. Synthesis of NIR was effective in the A23 (pNM185-NR) transformants grown under aerobic conditions (Fig. 2, lane 5) ; moreover, anaerobic growth in the presence of KNO 3 was restored in the complemented strain, even if at a lower level than the wild-type. The growth of transformants was, however, poor also under aerobic conditions. To verify that this behaviour was not a secondary effect of the mutation, we overexpressed the operon containing the nir and cytochrome c551 genes in the wild-type strain by transformation with pNM185-NR. Paol and Paol(pNM185-NR) were cultured under aero-biosis in the presence and absence of m-Tol and KNO 3. In Pao1(pNM185-NR) cultures Km was added for plasmid maintenance. Paol growth curves were indistinguishable under all experimental conditions (Fig. 4A ), indicating that m-Tol as such has no influence on growth rates, while the growth rate of Paol(pNM185-NR) was seriously affected in the presence of m-Tol (Fig. 4B) . Also in this case the amount of NIR detected by immunoblot was lower than in wild-type cells (not shown). This behaviour suggests that NIR overexpression can reduce the plasmid stability and/or exert a deleterious effect on growth rate and NIR yield (e.g. causing protein degradation).
As a whole, the results obtained (Southern blot analysis, anaerobic growth, complementation test and protein detection) clearly demonstrate that we have obtained, by gene replacement, a mutant in the nir gene. This is the first mutant of the nir gene described up to now in P. aeruginosa; its phenotype demonstrates that only one copy of this gene is present in the bacterial genome and that no other genes are able to overcome its inactivation. Growth on nitrate under anaerobic conditions is not observed for this strain, confirming that nitrite reductase is essential for anaerobic denitrification. Upon complementation anaerobic growth is restored, indicat-249 ing that our expression system allows the production of a fully active enzyme, i.e. containing both heme c and d 1. Thus, the first necessary step for the production of site-directed mutants involving the heme d 1 region has been accomplished. Attempts to increase recombinant enzyme yield in this system are in progress.
